
SeaWiFS Ocean Aerosol Retrieval (SOAR): Algorithm, validation,
and comparison with other data sets

A.M. Sayer,1,2 N. C. Hsu,2 C. Bettenhausen,2,3 Z. Ahmad,2,4 B. N. Holben,2 A. Smirnov,2,5

G. E. Thomas,6 and J. Zhang7

Received 22 July 2011; revised 28 October 2011; accepted 7 November 2011; published 15 February 2012.

[1] The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) provides a well-calibrated
13-year (1997–2010) record of top-of-atmosphere radiance, suitable for use in retrieval of
atmospheric aerosol optical depth (AOD). This paper presents and validates a SeaWiFS
Ocean Aerosol Retrieval (SOAR) algorithm, which retrieves the AOD at 550 nm and the
partition of aerosol particle volume between fine and coarse modes. The algorithm has
been applied over water to the whole SeaWiFS record. The data set includes quality flags to
identify those retrievals suitable for quantitative use. SOAR has been validated against
Aerosol Robotic Network (AERONET) and Maritime Aerosol Network (MAN) data and
found to compare well (correlation 0.86 at 550 nm and 0.88 at 870 nm for AERONET,
and 0.87 at 550 nm and 0.85 at 870 nm for MAN, using recommended quality control
settings). These comparisons are used to identify the typical level of uncertainty on
the AOD, estimated as 0.03 + 15% at 550 nm and 0.03 + 10% at 870 nm. The data set also
includes the Ångström exponent, although as expected this is noisy for low aerosol
loadings (correlation 0.50; 0.78 for points where the AOD at 550 nm is 0.3 or more).
Retrieved AOD is compared with colocated observations from other satellite sensors;
regional and seasonal patterns are found to be common between all data sets, and
differences generally linked to factors such as cloud screening and retrieval assumptions.
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1. Introduction

[2] To improve understanding of radiative forcing of the
Earth system, of which the largest current uncertainties relate
to the direct and indirect radiative effects of aerosols
[Forster et al., 2007; Stevens and Feingold, 2009], long-
term accurate and stable climate data records (CDRs) of a
range of essential climate variables (ECVs) are necessary
[Global Climate Observing System (GCOS), 2009, 2010].
The primary purpose of the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) was retrieval of ocean color parameters,
for which a high quality of radiometric accuracy was
required and maintained over its 13-year (1997–2010) life-
time [McClain et al., 2004]. Although new, advanced sen-
sors will be required to address some of the requirements for

CDRs in full, the combination of a long (on satellite time-
scales) time series and high quality of calibration mean that
SeaWiFS is well-suited for the generation of a historical
aerosol data set. In particular, the launch in 1997 predates
that of the Terra, A-Train and Envisat platforms also used
for aerosol remote sensing, and encompasses much of the
strong 1997–1998 El Niño event.
[3] The aim of the Deep Blue Utilization of SeaWiFS

Through the Data and Information Services Center (DUST-
DISC) project is to develop the SeaWiFS record to create a
stable aerosol optical depth (AOD) archive. The information
content of past and current satellite measurements is insuf-
ficient to retrieve unambiguously all aerosol parameters of
interest [Hasekamp and Landgraf, 2007; Mishchenko et al.,
2007; Kokhanovsky et al., 2010]. Therefore, aerosol data sets
created from satellite measurements adopt constraints, typi-
cally linked to aerosol microphysical properties and surface
reflectance, dependent upon the particular characteristics of
each sensor. As such, retrieval algorithms are optimized for
individual sensors (although they often share conceptual
similarities).
[4] This study describes and validates the SeaWiFS Ocean

Aerosol Retrieval (SOAR) algorithm, used to retrieve spec-
tral AOD over water, in the DUST-DISC project. The over-
land AOD retrieval provides coverage over both vegetated
and desert surfaces, and draws on the heritage of the ‘Deep
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Blue’ algorithm [Hsu et al., 2004, 2006], which is part of the
operational MODerate Resolution Imaging Spectro-
radiometer (MODIS) processing, and will be described in a
forthcoming publication. The data set created using these
algorithms is freely available from http://disc.gsfc.nasa.gov/
dust/ along with supporting documentation for users. The
most recent processing of the data set, described in this
work, is version 3.

2. Overview of SeaWiFS and SOAR

[5] SeaWiFS measured top-of-atmosphere (TOA) reflec-
ted solar radiance in bands centered near 412, 443, 490, 510,
555, 670, 765, and 865 nm. A high signal-to-noise ratio
(≥600–1100 when viewing the solar diffuser) and stable
calibration were maintained for all bands; the largest
uncertainty (2%–3%) was the absolute calibration [Eplee
et al., 2007, 2011; Franz et al., 2007]. The sensor was
launched in a Sun-synchronous orbit at an altitude of 705 km
and inclination of 98.25°, with a nominal local solar time
around 12 pm for the sub-satellite point for the descending
(daytime) orbit node. This drifted through the mission,

although remained between 12 pm and 12:30 pm until 2005,
and reached a maximum around 2:40 pm in mid-2010.
[6] Full spatial resolution at the sub-satellite point was

1.1 km � 1.1 km, known as local area coverage (LAC)
mode. Due to data capacity limitations, LAC data are only
available for limited regions. Global Area Coverage (GAC)
mode consisted of LAC pixels subsampled on-board the
satellite with gaps of 4 pixels between each; thus, each GAC
pixel is a measurement of a 1.1 km � 1.1 km field of view
taken to represent an area of approximately 4.5 km � 4.5 km
(both resolutions quoted for the sub-satellite point). The
swath width of GAC data is 1,502 km, with 15 or 16 orbits
per day, providing daily coverage outside the tropics, and
near-daily coverage in the tropics. As it is designed for
global application, only GAC data are used in the SOAR
algorithm. Therefore, from this point, the term ‘pixel’ refers
to the data at GAC resolution. SeaWiFS was tilted off-nadir
to decrease exposure to sun-glint over the oceans, meaning
that the typical range of viewing zenith angles was from 20°
at the center of the swath to 60° at the edge (and conse-
quently pixel area increases by a factor of approximately 4 at
the edge of the swath relative to the center).
[7] The SOAR algorithm is divided into three phases: a

preprocessing step during which instrument pixels affected
by clouds are identified; the aerosol retrieval itself; and a
postprocessing stage where individual retrievals are aggre-
gated to coarser resolution, and quality flags are assigned. A
summary flowchart is shown in Figure 1.
[8] The algorithm retrieves two parameters. The first is the

AOD (denoted tl, where l is the wavelength in nm). The
AOD retrieved by the algorithm is t550, and unless specified
otherwise through this work the term AOD refers to t550.
The second is the partition between the fine and coarse
aerosol modes used in the aerosol retrieval, presented as the
fine mode volume fraction (ff), such that ff = 0 indicates a
pure coarse-mode distribution and ff = 1 a pure fine-mode
one. Other quantities of interest, such as the AOD referenced
to other wavelengths, or the Ångström exponent, may be
derived from these. Assumptions about the radiative prop-
erties of aerosol particles are required for the retrieval, which
are detailed in Section 2.3. Retrieving both an AOD and a
weighting parameter between modes is similar to the
approach of MODIS over ocean [Tanré et al., 1997]. This
approach has been used to, for example, study the partition
between marine, dust, and biomass burning aerosols trans-
ported across the Atlantic Ocean [Kaufman et al., 2005], and
highlights the additional utility of size-related aerosol data,
as opposed to just single-wavelength AOD.

2.1. Preprocessing

[9] As a first step, Level 1a GAC files (individual orbit
swaths) are converted to Level 1b format using the SeaDAS
software package version 6.2 (available at http://seadas.gsfc.
nasa.gov/), which applies final calibration to the radiance data.
Then, the radiance in each band (Lr) is divided by the incident
solar irradiance at nadir (Ei, taken from Thuillier et al. [2003])
to give the sun-normalized radiance rTOA, where

rTOA qs;fs; qv;fvð Þ ¼

Z l2

l1

Lr qs;fs; qv;fv;lð Þx lð Þdl
Z l2

l1
Ei lð Þx lð Þdl

: ð1Þ

Figure 1. Flowchart summary of SeaWiFS retrieval pro-
cessing chain.
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Here, x(l) is the band’s spectral response function defined
betweenwavelengths l1 and l2, and the wavelength-dependence
of rTOA is omitted for simplicity of notation. Zenith angles
are denoted q and azimuth f; subscripted s indicates a solar
angle, and v a satellite (‘viewing’) angle.
[10] Near-surface (10 m) wind fields, obtained from the

National Center for Environmental Prediction (NCEP) rea-
nalyses [Derber et al., 1991], are read in. These are available
at 1° � 1° latitude and longitude resolution and 6-hour
temporal resolution, and are linearly interpolated in space
and time for each pixel. A land-sea mask is used to deter-
mine whether the SOAR algorithm is applied or not.
[11] Pixels identified as being cloudy are not processed

with the SOAR algorithm. An over-water pixel is marked as
cloudy if the standard deviation of rTOA at 412 nm over a
3 � 3 pixel window around it is larger than 0.3cosqs. This
test has been found to be effective as cloud fields are bright
and typically inhomogeneous while dark clear-sky oceans
have lower variability [Martins et al., 2002]. Additionally, it
was found to be robust even in cases of high AOD. Unfor-
tunately, as SeaWiFS lacked thermal channels and only
collected measurements at a static viewing geometry, stan-
dard cloud identification techniques used by other passive
sensors cannot be applied. This means that clouds which are
homogeneous on the order of several pixels can sometimes
be missed by this test. This cloud flag also identifies most
pixels covered by sea ice. Additional tests performed during
assignment of quality flags (discussed in Section 2.6) are
used to identify retrievals suspected of residual contamina-
tion by clouds, sea ice, or highly turbid waters.

2.2. Retrieval Technique

[12] Aerosol optical properties of interest are retrieved by
inverting measured dependent quantities (here, rTOA). The
mapping between the variables of interest and these observ-
able quantities is known as the forward function, approxi-
mated in the retrieval by a forward model (FM). The aerosol
retrieval determines t550 and ff simultaneously using rTOA
measured by the SeaWiFS bands centered near 510 nm,
670 nm, and 865 nm (retrieval of two unknown quantities
from three measurements).
[13] The FM is based upon linear interpolation of pre-

calculated lookup tables (LUTs) of rTOA. The most probable
values of the aerosol optical parameters are found by mini-
mizing the sum (over all three channels) of squared differences
between measured rTOA and LUT values. The difference
between measured and modeled values is termed the residual
on the fit. This strategy is similar to that employed in other
AOD retrieval algorithms [e.g., Tanré et al., 1997]. The
Levenburg-Marquardt method [Levenberg, 1944; Marquardt,
1963] is used for minimization. As the absolute uncertainty of
the measurements and FM are unknown, no scaling is applied
to these residuals. This results in the 510 nm band being
weighted slightly more than the others, as this channel is typ-
ically the brightest. The starting point for the iteration is taken
as the LUT node point (i.e., combination of t550 and ff) with
the lowest sum of square residuals.
[14] LUTs are calculated using the vector version of the

Second Simulation of the Solar Signal in the Satellite
Spectrum (6S) radiative transfer code [Vermote et al., 1997],
which is based on the ‘successive orders of scattering’

technique, and has an accuracy better than the SeaWiFS
calibration uncertainty of 2%–3% [e.g., Kotchenova et al.,
2008]. The LUT contains nodes at 10 values of qs, 11 of
qv, 11 of fr, 10 AODs (allowing 0.002 ≤ t550 ≤ 3.5), 10 ff,
and 3 wind speeds (2 ms�1, 6 ms�1, and 15 ms�1). AODs
higher than 3.5 are unexpected over the ocean [e.g., Smirnov
et al., 2011]. If the wind speed for a given pixel lies outside
the range of the LUT, the lower or upper limit (as appro-
priate) is used instead. Away from sun-glint, wind speed
effects on ocean surface reflectance are negligible for low
winds, while at high winds parameterizations of such effects
become increasingly uncertain, and the likelihood of cloud-
iness increases [Koepke, 1984; Anguelova and Webster,
2006]. Therefore these limits have minimal impact on the
retrieval.
[15] The 6S code allows for a bidirectional reflectance

distribution function (BRDF) representation of surface
reflectance in the retrieval. The ocean BRDF model in 6S
draws on the method of Koepke [1984], which has been
applied widely in satellite aerosol remote sensing [e.g.,
Tanré et al., 1997; Martonchik et al., 1998; Sayer et al.,
2010a]. This includes contributions from oceanic white-
caps, sun-glint, and scattering from within the water
(‘underlight’, although this latter term is set to zero in 6S for
wavelengths longer than 700 nm). Assumption of a fixed
wind speed has been shown [Zhang and Reid, 2006; Sayer
et al., 2010a; Shi et al., 2011] to lead to wind speed-
dependent biases in satellite aerosol retrievals, which is why
the LUT used is calculated for three wind speeds.
[16] Underlight in the 6S code is calculated using an

empirical relationship based on chlorophyll-a content (chl).
This was developed for so-called ‘Case 1’ waters, under the
definitions adopted by the satellite ocean color community
[e.g.,Morel and Prieur, 1977]. Essentially, these are (largely
open-ocean) bodies of water whose optical properties can be
described adequately by their phytoplankton content, prox-
ied by chl (as other optically active components of seawater
covary strongly with chl). In the retrieval, a fixed chl =0.2
mg m�3 is assumed, which is a representative value for open
oceans. Water bodies where constituents other than chl are
necessary to model scattering and absorption are known as
Case 2 (as chl and other substances covary less strongly, and
there are additional influences from e.g. continental runoff
and increased in-water turbidity), and are more commonly
coastal. Case 2 waters are much more complicated to model
accurately. Jamet et al. [2011] present comparisons between
three atmospheric correction algorithms for Case 2 waters,
which highlights some of these issues. Due to this and other
difficulties in coastal waters (e.g. surface heterogeneity, and
reflection from the ocean floor for shallow waters) perfor-
mance of the retrieval is expected to be poorer in these cases.
[17] A midlatitude summer standard atmosphere

[McClatchey et al., 1971] is assumed for the LUT, and cal-
culations are performed for a surface pressure of 1 atmosphere,
as the variability in rTOA due to gas or sea level pressure
fluctuations (as well as changes in total column ozone) is small
for the bands used. The standard 6S aerosol particle vertical
profile (exponentially decreasing with a scale height of 2 km)
is used. Aerosol phase functions are calculated with Mie
theory.
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2.3. Aerosol Microphysical Models

[18] In SOAR, aerosol particles are modeled using a
bimodal lognormal distribution, defined by its volume size
distribution

dV rð Þ
dln rð Þ ¼

X
i¼f ;c

Cv;iffiffiffiffiffiffi
2p

p
si

e
�1

2

ln rð Þ�ln rv;ið Þ
si

� �2

; ð2Þ

which describes the volume of particles in the infinitesimal
size range r � dln(r), where r is the aerosol particle radius,
and the distribution parameters Cv, rv and s denote the total
volume, volume median radius, and standard deviation of
each mode. Subscripted f indicates fine mode properties, and
subscripted c the coarse mode. Each mode also has its own
complex refractive index m = n � ik, where n is the real
component and k the absorption coefficient, assumed spec-
trally neutral between the bands used. For a given rv, s, and
m, the AOD will be dependent on total aerosol particle vol-
ume Cv. Thus, ff is defined as Cv,f /(Cv,f + Cv,c), and the
retrieved t550 and ff could be expressed in terms of the
aerosol volume size distribution (as, for a given modal radius,
spread, and refractive index, the AOD for the fine mode and
coarse mode are proportional to the mode volumes). The
equivalent coarse-mode volume fraction is expressed simply
as fc = 1 � ff.
[19] Three different pairs of fine and coarse mode aerosol

microphysical properties are used in the LUT. First is a
model for unpolluted marine aerosol, used where t550 ≤ 0.3.
Second, one of two more absorbing models are used where
t550 > 0.3. These models are either optically dominated by
fine or coarse modes, and represent a mixture of marine
aerosol with transported small absorbing aerosol (such as
continental pollution or biomass burning), or a mixture of
marine aerosol and dust, respectively. The change in
assumed properties at t550 > 0.3 is based on the fact that the
AOD for unpolluted marine conditions is typically low
[Smirnov et al., 2002, 2011], i.e. elevated AODs are indica-
tions of some non-maritime contribution. The value of 0.3 is
arbitrary, but small changes to this threshold were found to
affect retrieved AOD by generally less than the retrieval
uncertainty. Within the t550 > 0.3 range, the ‘fine-dominated’

model is used in the LUT for ff > 0.25 and ‘coarse-
dominated’ otherwise.
[20] In 6S, aerosol particle optical properties are computed

at twenty wavelengths throughout the solar spectrum. The
spectral variability of the extinction coefficient is stored so
that the retrieved values of t550 and ff can be used to cal-
culate the AOD at the SeaWiFS bands used in the retrieval,
as part of the output data product (see Section 2.6). Addi-
tionally, the 6S output enables easy computation of the
Ångström exponent al1, l2

, as,

al1 ;l2 ¼ � ln tl1ð Þ � ln tl2ð Þ½ �
ln l1ð Þ � ln l2ð Þ½ � ; ð3Þ

defined between the wavelength pair l1, l2. This depends on
whether the low-AOD or high-AOD aerosol models are
being used, and is a function of ff. In the SeaWiFS aerosol
product, this is calculated as a440,870, as this is a commonly
used wavelength pair for aerosol studies. From this point all
references to a indicate a440,870. The extreme values of a
(approximately �0.1 for ff = 0, and 2 for ff = 1, calculated
with Mie theory) are similar for both sets of aerosol models,
although they have different nonlinear relationships between
ff and a.
2.3.1. Pure Maritime Model
[21] The microphysical model for pure (unpolluted) marine

aerosol is presented by Sayer et al. [2012], and a summary of
relevant details is provided here. This model was obtained
from analysis of retrieved aerosol size distributions from
eleven island Aerosol Robotic Network (AERONET) sites
spread throughout global oceans [Holben et al., 1998;
Dubovik and King, 2000], considering only those retrievals
interpreted as representing marine aerosol. Size distribution
parameters showed a high consistency between sites. A
recommended model with rv,f = 0.157 mm, rv,c = 2.58 mm,
sf = 0.50, sc = 0.72, fine mode refractive index
m = 1.415 � 0.002i and coarse mode m = 1.363 � 3� 10�9i
was found to reconstruct the AERONET AODs with a pre-
cision of 0.01–0.02, similar to that of the AERONET mea-
surements themselves [Holben et al., 1998; Eck et al., 1999],
when provided with Cv,f and Cv,c for each individual case.
The single scatter albedo (SSA) is approximately 0.98 for
the SeaWiFS wavelengths used.
2.3.2. Pollution and Dust-Influenced Models
[22] AERONET Level 2.0 (cloud-screened and quality-

assured [Smirnov et al., 2000]) Version 2 size distribution
inversions from thirteen coastal sites with a significant non-
marine contribution to their aerosol (listed in Table 1) were
examined to construct microphysical models for high aero-
sol particle loadings. Only inversions where t550 ≥ 0.4 with
a successful refractive index retrieval were considered, to
ensure the dominance of the AOD by the non-maritime
component. Note that AERONET provides only a single
refractive index for the model as a whole, not for constituent
modes. As in work by Sayer et al. [2012], typical size dis-
tribution parameters were obtained for these sites from a
bimodal lognormal distribution fit to the median value of dV
(r)/dln(r) for each bin from all of the qualifying size dis-
tributions at that site. These median distributions are pre-
sented in Figure 2.
[23] The sites fall into two distinct categories split by ff, and

within each of these categories, size distribution parameters

Table 1. Locations of the AERONET Sites Used to Obtain the
Aerosol Microphysical Models for High Aerosol Loadings, and
Number of Such Cases at Each Sitea

Site
Latitude
(deg)

Longitude
(deg)

Elevation
(m Above Sea Level)

Number
of Cases

Cape San Juan 18.384 �65.620 15 39
Capo Verde 16.733 �22.935 60 1173
Dakar 14.394 �16.959 0 1589
Lampedusa 35.517 12.632 45 67
La Parguera 17.970 �67.045 12 70
Santa Cruz Tenerife 28.473 �16.247 52 280
COVE 36.900 �75.710 37 314
Helgoland 6.7760 73.183 0 166
Gosan-SNU 54.178 7.8870 33 25
Kaashidhoo 4.9650 73.466 0 46
MCO Hanimaadhoo 33.292 126.162 72 168
Venise 45.314 12.508 10 552
Villefranche 43.684 7.3290 130 105

aThe first six sites are optically dominated by their coarse mode (dust),
and the last seven by their fine mode (transported pollution).
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(and refractive index) are similar, with much of the variability
resulting from differences in aerosol volume (i.e. the size,
rather than peak location or broadness, of the aerosol size
distribution). The SOAR LUT uses the averages of the size
distribution parameters for the six coarse-dominated sites
(rv,f = 0.11 mm, rv,c = 2.04 mm, sf = 0.43, sc = 0.49) where
ff ≤ 0.25, and the average of the seven fine-dominated sites
(rv,f = 0.19 mm, rv,c = 2.75 mm, sf = 0.44, sc = 0.65) where
ff > 0.25. Modal radii and spreads were not observed to
strongly depend on AOD, suggesting the same parameter
combinations can be used for all elevated aerosol loadings.
AERONET refractive indices are not calculated at wave-
lengths corresponding exactly to the SeaWiFS bands.
Therefore, based on the average of the values retrieved by
AERONET for the visible bands, m = 1.43� 0.0075i is used
for both modes of the fine-dominated model and
m = 1.47 � 0.002i for both modes of the coarse-dominated
model. Dependent on wavelength and ff, the resulting SSA
varies between approximately 0.88 and 0.96 for these mod-
els, respectively.

2.4. Response of rTOA to AOD and ff
[24] Figure 3 shows rTOA as a function of t550 and ff for a

typical tropical viewing geometry, corresponding to a high
Sun and pixel near the center of the SeaWiFS swath. Gen-
erally, for a given wavelength, rTOA increases with t550 over
the range plotted, while ff influences the spectral shape of
rTOA. At high AODs the curves for ff = 0 or 0.2 differ from

the others in some situations; this is due to the different
aerosol microphysical models used in the retrieval in these
regimes.
[25] The near-infrared bands exhibit a drop in rTOA as ff

increases, while for the other bands responses vary. At low
AODs there is little change of rTOA with ff. This represents
the ambiguous nature of size-related information from such

Figure 2. Averaged aerosol volume size distributions for
the AERONET sites in Table 1, for high aerosol loadings,
as described in the text. Plots are split to show separately
sites where contributions from (a) the coarse mode and
(b) the fine mode dominate the midvisible AOD.

Figure 3. Response of spectral rTOA to changes in t550 and
ff, for all SeaWiFS bands (indicated along the x-axis). Plots
show data for t550 of (a) 0.1, (b) 0.3, (c) 0.5, and (d) 1. In
all cases, the geometric conditions are qs = 8°, qv = 22°,
and fr = 144°, the wind speed is 6 ms�1, and chl = 0.2 mg
m�3, all corresponding to typical values.
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sensors for low aerosol particle loadings, and as such ff is not
expected to be quantitatively useful in these cases, as any
signal may be dominated by calibration and forward model
error [see also Tanré et al., 1996]. Because of the size-
parameter-dependence of Mie scattering, coarse mode scat-
tering contributes comparatively more to aerosol extinction
in the near-infrared, thus reconciling the decrease in rTOA at
865 nm with increasing ff (i.e. decreasing fc). The availability
of additional bands at longer wavelengths (e.g. 1.6 mm)
would improve upon retrieval of ff [Tanré et al., 1996].
[26] At t550 ≤ 0.3, the relative change of rTOA with ff is

similar across the spectral range investigated. At higher
AOD, the response is often stronger in the bands shorter than
510 nm. However, wavelengths shorter than 510 nm show
increasingly strong dependence on chl (not shown). The
765 nm band behaves similarly to 670 nm and 865 nm
bands, and is normally slightly darker than these bands as it
overlaps with a strong oxygen absorption feature.

2.5. Sensitivity to FM Assumptions

[27] The effects of some assumptions built into LUT cre-
ation have been assessed with additional simulations using
the 6S code. General tendencies are presented here, although
exact results are dependent on the specific surface and
atmospheric conditions. In particular, the impact of radio-
metric and aerosol microphysical errors tends to become
more extreme for high AODs (around t550 > 0.5). Overall, ff
was found to be more susceptible than t550 to FM errors [see
also Wagner and Silva, 2008]. This highlights again the
uncertainties involved in retrievals of size-related aerosol
parameters, and requirement for aerosol microphysical
models to be appropriate for this parameter to be useful. As
t550 is the primary quantity of interest, the discussion
focusses on this parameter.
[28] First, an absolute radiometric uncertainty of 3% cau-

ses an uncertainty �0.01 in t550; effects on ff are larger and
more variable, dependent on geometry, the AOD, and the
degree of spectral correlation between radiometric errors.
The linear LUT interpolation used in the retrieval was found
to introduce errors generally less than 3% in rTOA, sug-
gesting this is a minor contribution to the error budget.
Similarly, a 20% change in total column ozone has a negli-
gible effect on rTOA at the wavelengths used.
[29] Changes in assumed surface reflectance (e.g. decreased

rTOA at 510 nm from increased absorption by colored dis-
solved matter, or increased rTOA at all wavelengths from
enhanced particle backscattering in turbid waters) affect the
retrieval in proportion to their effect on rTOA. For example, a
doubling of rTOA as a result of water turbidity causes a positive
error in retrieved t550 around 0.25. These are therefore likely
to be performance-limiting factors in turbid waters. However,
varying chl in the range 0.01 ≤ chl ≤ 10 mgm�3 affects
retrieved t550 by 0.01 or less, and ff by 0.05 or less. This is
because underlight decreases rapidly with increasing wave-
length, and the 510 nm channel occupies a spectral ‘hinge
point’ at which the water-leaving radiance is less variable
compared to other wavelengths. In moderate and strong sun-
glint, errors in assumed wind speed of 2 ms�1 lead to errors of
opposite sign in t550 of 0.05 or more, and overwhelm the signal
for ff. However, away from glint, wind speed errors of this size
have negligible impact on the retrieval for ws < 6 ms�1, and
errors in t550 up to 0.025 for 6 ≤ ws ≤ 15 ms�1.

[30] Altering aerosol particle modal radii by 10% indi-
vidually affects rTOA by 1%–4%, translating into an error in
t550 around 0.01 for each. Altering modal spreads by 10%
has an effect of typically 1% or less in rTOA, i.e. a minor
impact on the retrieval. Changes in the midvisible SSA have,
to a first order, an effect on retrieved t550 commensurate
with the error in SSA (i.e. a relative underestimate of SSA
causes an relative overestimate of t550 by a similar amount).
As SSA is typically close to 1, this is a negligible source of
absolute uncertainty at low AOD, but important for high
AOD.
[31] The assumption of spherical particles may lead to

additional uncertainties when the AOD is dominated by
dust. An alternative in such cases is to assume mixtures of
spheroids of various aspect ratios, or more complicated
shapes, and use T-Matrix theory or other methods instead of
Mie theory [e.g., Mishchenko et al., 1996; Kalashnikova
et al., 2005; Dubovik et al., 2006]. However, decisions
must then be made as to the appropriate shape distribution(s)
to use. The effects of nonspherical dust microphysical
models have not been assessed here; however, validation
efforts in Section 3 suggest that retrievals of AOD in such
cases remain high quality.
[32] Combining uncertainties in radiometry, four aerosol

microphysical model parameters, and moderate wind speeds,
and assuming the perturbations tested are representative and
occur independently of each other, a first-order theoretical
estimate for the uncertainty in t550 for low to moderate AOD
under typical conditions is �0.03.

2.6. Postprocessing and Retrieval Quality Flags

[33] In the postprocessing stage, retrieved t550 and ff and
other relevant information (such as Sun-sensor geometry)
are aggregated at 3 � 3 pixel resolution (known as ‘cell’
resolution, around 13.5 km � 13.5 km at the center of the
swath), and written to the Level 2 file (retrieval output from
a single orbit). This contains the cell-averaged t550 and ff,
which are then used to calculate a and the AOD referenced
to the three SeaWiFS bands used in the retrieval (510 nm,
670 nm, 865 nm). As the spatial variability of AOD on this
scale is generally smooth and small [Anderson et al., 2003],
averaging to cell resolution decreases noise on the retrieved
values. The statistics of the retrievals within each cell are
used to assign a quality assurance (QA) flag, which indicates
the level of confidence in the cell-averaged retrieved AOD.
The QA flag takes values from 0 to 3, where 0 indicates no
data and 1–3 increasing confidence in the retrievals. Over
the ocean, it is recommended for quantitative purposes to
only use cells with QA ≥ 2 (discussed in Section 3).
[34] The rationale behind QA flagging is largely based on

the principle that the most frequent and largest causes for
poor-quality retrievals are related to cloud contamination,
and cases of poor surface modeling (Section 2.5). Initially,
all cells containing at least one valid retrieval are assigned a
QA flag of 1. For each cell, the number of pixels which
either lack ocean retrievals, or have a difference in t550 of
the greater of 50% or 0.5 in comparison with the central
pixel of the cell, are counted. Steep gradients or missing
retrievals are signs of cloud-contamination, proximity to
clouds, or proximity to coast. If fewer than six pixels meet
these criteria (i.e. at least 4 out of 9 pixels are present and the
cell is reasonably homogeneous), then the QA flag is raised
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to 2. If fewer than three pixels meet these criteria (i.e. at least
7 out of 9 pixels are present and lack steep gradients), the
QA flag is raised to 3.
[35] Next, the glint reflectance of the ocean surface (rgl) is

calculated at 550 nm using the wind speed and geometry
[Cox and Munk, 1954a, 1954b]; if log10(rgl) >� 2.5, the cell
is marked as glint-contaminated, and the QA flag is set to 1.
The threshold was determined empirically by examining
statistics of retrieved quantities as a function of glint
strength, and results in approximately 15% of retrievals
being set to QA = 1. These retrievals are located in the tro-
pics and their exact position varies seasonally.
[36] One additional piece of information available is the

quality of the fit (sum of squared residuals). If the cell-
averaged absolute total square residual on fit rTOA is 0.01 or
more, the QA flag is also set to 1. Typical residuals for well-
fit retrievals are generally a tenth to a half of this value. In
some turbid waters an acceptable quality of fit was found,
although the retrieved AODs were unphysically high, when
examined in the context of nearby cells and visible imagery.
This occurs because the surface reflectance is significantly
brighter than assumed by the FM (Section 2.5), and is an
issue known to be common to many satellite data sets [e.g.,
Kahn et al., 2010]. Therefore cells where t550 ≥ 0.9 but the
Lambertian-equivalent reflectivity (LER) [Dave, 1976] at
865 nm is less than 0.04 are also set to QA = 1. These
thresholds were based on manual examination of cases of
cloud, sea ice contamination, and highly turbid waters.
Testing in other regions revealed that the number of high-
AOD events (e.g. dust storms or smoke plumes) removed by
these tests are negligible, and they are therefore unlikely to
introduce a sampling bias against these events in the SOAR
data.
[37] When the AOD is low, there is not much information

in the measurements relating to particle size (Figure 3), and
ff and so a become highly uncertain [Wagner and Silva,
2008]. Therefore quantitative use of ff and a is not recom-
mended for t550 < 0.3, and a separate QA flag is provided

for them. This is set equal to the AOD QA flag for
t550 ≥ 0.3, and 1 otherwise.
[38] Using these criteria, approximately 25% of AOD

retrievals have QA = 2, with small spatial variability. QA = 1
accounts for �35% of retrievals, and is more common in
regions of high cloudiness (e.g. the storm tracks), tropical
Sun-glint zones, and most inland waters, accounting for
�50% of retrievals in the first two of these situations and
80% or more in the third. The remaining retrievals assigned
QA = 3 (�40%) are most concentrated in oceanic regions of
low cloudiness (e.g. far from marine stratocumulus decks or
the storm tracks). A composite image of QA ≥ 2 retrievals,
created from the whole time series, is shown in Figure 4,
revealing the expected [e.g., Smirnov et al., 2011] global
variability of AOD over oceans, largely free from obvious
artifacts.

3. Validation With AERONET Data

3.1. AERONET Coastal and Island Sites

[39] Although some theoretical considerations for retrieval
performance are given in Section 2.5, validation against inde-
pendent data sources is a necessary step in evaluation of the
data. For this purpose, retrieved t550, t870, and a, have been
compared to direct-sun AERONET measurements. Perfor-
mance at intermediate wavelengths such as 670 nm can be
inferred reasonably from these bounding wavelengths. A total
of 49 sites, limited to those that have a reasonable data record
(generally one or more years of level 2.0 data), are within
approximately 1 km of the coast, and are at low elevations,
were used. As noted in various other studies, the AERONET
and satellite data differ fundamentally in that AERONET
samples one location at high temporal frequency, while satel-
lites provide data with a larger spatial footprint, typically over a
wide swath, but with poorer temporal resolution [Ichoku et al.,
2002; Kahn et al., 2010; Hyer et al., 2011]. Therefore, to
optimize the representativeness of the comparison, AERONET
AOD data are averaged over a 30 minute temporal window
centered on the time of the SeaWiFS overpass, while SeaWiFS
retrievals are averaged over a circle of 25 km radius centered
on the AERONET site.
[40] AERONET quantities are denoted with a subscripted

A (e.g. tA,l). Because of the mismatch between SeaWiFS
and AERONET wavelengths, tA,550 is calculated from
equation (3), using aA together with the spectrally closest
AERONET AOD (either 440 nm or 500 nm). Manual
inspection of the AERONET data suggests that, as the
AERONET AOD is typically spectrally smooth, the uncer-
tainty introduced by this interpolation is negligible. The
SeaWiFS 865 nm band is close to the AERONET 870 nm
band, so these quantities are compared directly (referred to
as ‘870 nm’, so t870, for ease). Similarly, the 5 nm difference
in wavelengths has a negligible effect. Both SeaWiFS and
AERONET a used in this comparison are defined between
440 nm and 870 nm.
[41] Considering only QA = 3 retrievals there are 8,911

matches. Pearson’s linear correlation coefficient R is 0.86 at
550 nm and 0.90 at 870 nm. Correlation for a is poorer
(0.50). However, when only points where tA,550 ≥ 0.3 are
considered, this increases to 0.78. Scatter density plots are
presented in Figure 5. The majority of points are for tA ≤ 0.2

Figure 4. Whole-mission (1997–2010) averaged SeaWiFS
AOD at 550 nm at 0.5° resolution. Created by averaging
monthly mean AODs, and shown only for those grid cells
with at least 10 months contributing to the average.
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(at both wavelengths), and there is a slight tendency for the
algorithm to underestimate the AOD (median SeaWiFS-
AERONET bias of �0.013 at 550 nm, and �0.011 at
870 nm). As well as retrieval and calibration error in both
data sets, part of the scatter can be related to sampling and
sub-pixel heterogeneity. Hyer et al. [2011] and Kahn et al.
[2011] discuss implications of related satellite sampling
issues when comparing to AERONET data.
[42] The scatter about the offset between the two data sets

is described by the scaled median absolute deviation, deno-
ted smed, where

smed xð Þ ¼ b gx� x̃ð Þ; ð4Þ

where � indicates a median quantity, x is the SeaWiFS-
AERONET difference for one matched pair of data, and b is
a scaling factor. If the underlying distribution is Gaussian,
then smed is equivalent to the standard deviation for
b = 1.4826, which is assumed here. Thus smed is an outlier-
resistant measure of the scatter about this bias. Here,
smed = 0.045 at 550 nm and 0.033 at 870 nm, while the
respective standard deviations of the difference are 0.088
and 0.056. The difference between these two metrics indi-
cates that there are some outliers, although Figure 5 shows
that the majority of points cluster closely around the 1:1 line.
[43] The SeaWiFS-AERONET offset is presented as a

function of tA in Figure 6. SeaWiFS has a positive relative
AOD offset in the cleanest AERONET cases (by an average

Figure 5. Scatter density plots for colocated AERONET and SeaWiFS data (for QA = 3). AOD at
(a) 550 nm and (b) 870 nm. Ångström exponent: (c) separately for all points and (d) only those points
where the AERONET AOD at 550 nm is at least 0.3.

Figure 6. Mean SeaWiFS-AERONET bias in retrieved (a) t550, (b) t870, and (c) a as a function of
AERONET AOD. Data are binned in order of ascending tA, with a bin size of 250 matchups. Horizontal
error bars indicate the standard deviations on the bin-averaged AERONET AOD; the shaded grey area
shows one standard deviation around the mean SeaWiFS-AERONET bias. Only points where QA = 3
are included.
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of 0.03 or less), and a relative negative bias around �0.05
for AODs between approximately 0.2 and 0.4. The majority
of the samples are for low-AOD cases where bias is small.
For the highest AERONET AODs, the SeaWiFS 550 nm
AOD relative bias is closer to zero. Although these differ-
ences are within the expected uncertainty, the results suggest
a potential underestimate of surface reflectance, or residual
cloud contamination in the SeaWiFS data, for some very
clean cases. Cirrus contamination in the AERONET data
[e.g., Huang et al., 2011], and the choice of the LUT
switchover point between marine and non-marine aerosol
model, could contribute to the relative low bias for moderate
AODs. SeaWiFS t870 exhibits an offset that is initially small
and positive (0.01–0.02) and becomes linearly more nega-
tive with increasing AERONET AOD, although again for
the majority of points the average bias is small. There is a
general tendency for SeaWiFS to overestimate a, which
suggests insufficient spectral variability in the assumed sur-
face reflectance (so the retrieval increases the spectral vari-
ability of AOD to give the best match to rTOA).
[44] If retrievals where QA = 2 are also included, the

comparison sample size increases significantly to 12,313.
The correlation coefficient remains 0.86 at 550 nm and
decreases slightly to 0.88 at 870 nm; smed and the standard
deviation increase by around 10%, to 0.051 and 0.036 for
smed, and 0.092 and 0.063 for the standard deviation, at
550 nm and 870 nm respectively. The offsets become less
negative; �0.004 at 550 nm and �0.005 at 870 nm. This
shows that adding QA = 2 retrievals increases coverage, but
does not significantly degrade performance. These QA = 2
data are thus suitable for general use, as well as QA = 3.
[45] If QA = 1 data are included, the sample size further

increases to 14,750. Correlation coefficients decrease (0.84
and 0.86), the relative offsets become more positive (�0.001
and �0.004), smed increases (0.054 and 0.039), as does the
standard deviation (0.097 and 0.068), where all statistics in
parentheses are for 550 nm and 870 nm respectively. In some
circumstances, QA = 1 data may also be useful. However,
there is a clear decrease in retrieval quality as the assigned QA
flag decreases. The true difference in quality between the
quality flags may to an extent be masked here, as a primary
reason for a low quality flag is linked with an increased pos-
sibility of cloud contamination, while the matchups here are by
nature effectively doubly cloud-screened (i.e. the chance for
cloud contamination for the subset of AERONET matchups is
probably lower than for any random subset of retrievals).
[46] Validation results have also been examined subset by

Sun/sensor geometry, and by wind speed. No general trends
with respect to geometry were found. A tendency for a small
negative bias in AOD with increasing wind speed, becoming
more negative by about 0.03 over the range of 0–10ms�1, was
found. This suggests that the sea surface reflectance model in
6S may not capture the spectral wind speed-dependence of
surface reflectance accurately, by overestimating the increase
of surface reflectance (due to whitecaps) with wind speed.
However, this is only a small contribution to the total retrieval
error. Within individual geometric or wind speed bins, the
distribution of t � tA is approximately Gaussian.

3.2. Estimation of Expected Error

[47] If uncertainties in the measurements, FM, and ancil-
lary data are well-characterized then techniques such as

optimal estimation enable calculation of the retrieval random
error on a pixel-by-pixel basis, although these estimates are
contingent upon the quality of assumed input uncertainties
[Rodgers, 2000]. As this is not the case here, uncertainties
are estimated through the comparison with AERONET data,
which can be considered a reasonable comparative baseline
(uncertainty of order 0.01–0.02 [Holben et al., 1998; Eck
et al., 1999]). The AOD retrieval error �(l) is then defined
as the difference between SOAR and AERONET AODs, i.e.
tl � tA,l. Limiting factors on the retrieval’s performance at
low AODs are expected to be improper characterization of
surface reflectance, and at high AODs errors in assumed
aerosol radiative properties, and so the general trend of the
absolute error (|�|) is expected to be of the form a + btA,
such that there is both some absolute minimum error and
some AOD-dependent contribution (e.g., Section 2.5) [Levy
et al., 2010; Kahn et al., 2011]. The aim is then to estimate
a, b to provide a confidence interval for the retrieved AOD,
such that one standard deviation (68%) of retrievals have
|�| ≤ a + btA, and two standard deviations (95%) have
|�| ≤ 2 � (a + btA). The function a + btA will from here be
known as the ‘expected error’ (EE). Although this is not
something which can be assessed on the basis of individual
retrievals, the goal is to estimate the typical absolute uncer-
tainty in the AOD retrieval.
[48] Testing of a selection of parameters a and b reveals

that appropriate values (i.e. approximately 68% of data with
this error or better, and 95% twice this or better) for the EE
are around 0.03 + 0.15tA,550 and 0.03 + 0.10tA,870, which
are met by 68% of matchups overall at 550 nm, and 71% at
870 nm. If QA = 2 are also permitted, this decreases to 67%
at 550 nm and 69% at 870 nm, showing this EE is still
appropriate.When QA = 1 retrievals are included, these values
decrease to 65% at 550 nm and 67% at 870 nm. Performance
was also examined on a site-by-site basis; at most sites,
between 50% and 80% of retrievals fall within the desired EE,
with little dependence on region. Sites with frequent dust
episodes (Capo Verde, Dakar) show increased scatter at
moderate and high AODs, perhaps due to errors in the dust
phase function used in the retrieval, or aerosol heterogeneity.
Altering the averaging distance for SeaWiFS data, the aver-
aging time for AERONET, or picking the nearest rather than
average SeaWiFS retrieval has been tested and found not to
significantly affect the statistics of the comparison (with cor-
relation coefficients varying by 0.01–0.05, and smed or stan-
dard deviation changing by around 10%). This EE is similar to
the sensitivity study results; additional contributions to the EE
not considered in Section 2.5 include factors such as the 6S
radiometric accuracy, cloud-contamination, sampling issues,
and errors in the AERONET data.

3.3. Maritime Aerosol Network Cruises

[49] The Maritime Aerosol Network (MAN) component
of AERONET consists of spectral AOD measurements made
on board ocean cruises [Smirnov et al., 2009, 2011]. These
data are typically collected with hand-held Microtops II Sun
photometers, which enable determination of AOD with an
accuracy of approximately 0.02 [Knobelspiesse et al., 2004].
Taken together, AERONET and MAN allow evaluation of
AOD over a wider range of marine conditions. Here, the
‘series average’ (measurements acquired with a gap of no
more than two minutes between each) Level 2.0 product is
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compared to the nearest SeaWiFS retrieval during the period
of collection. In contrast to the AERONET ground sites,
here the nearest SeaWiFS cell is used because the ship is
also moving (albeit at a much slower speed than the satel-
lite), although the statistics of the comparison are similar if
an area-averaged SeaWiFS AOD is used instead.
[50] The number of comparisons possible is sensitive to

the permitted maximum time between the MAN measure-
ments and SeaWiFS overpass, the maximum permitted dis-
tance between the ship and the nearest SeaWiFS retrieval,
and the minimum permitted SeaWiFS retrieval QA value.
Figure 7 shows the comparison of 550 nm AOD for a loose
set of colocation criteria (any SeaWiFS QA, time difference
3 hours or less, distance difference 100 km or less); this
leaves 3,426 matches between the two data sets (some points
in Figure 7 lie on top of each other). Even with this set of
colocation criteria, there is a high degree of agreement
between the data sets, with SeaWiFS capturing the regional
variability of AOD well. Statistics for this comparison and a
stricter set of colocation criteria, to ensure a more direct
matchup and include only high-quality retrievals (QA = 3,
time difference 1 hour or less, distance difference 10 km or
less, leaving only 280 matches), are given in Table 2. Sim-
ilar to the comparison with AERONET coastal and island
sites, a high degree of correlation with a slight low bias in
AOD is found. For the tighter colocation criteria, 78% of
retrievals fall within the expected uncertainty at 550 nm
(67% at 870 nm), indicating performance is also good for
open-ocean retrievals (slightly better at 550 nm, and slightly
worse at 870 nm). If the ‘tight’ subset is expanded to allow
points with QA = 2, the number of matches increases, but
the quality of the comparison decreases (although is still
high). As with the AERONET sites, some residual cloud

contamination may be present in the MAN data (notably
under heavy aerosol loading, where visual identification of
clouds may be more difficult), although in these cases it is
possible that this cirrus may also be undetected by SeaWiFS.

4. Comparison With Other Satellite Data

4.1. OBPG SeaWiFS Product

[51] The SeaWiFS Ocean Biology Processing Group
(OBPG) data processing chain involves an atmospheric
correction, described by Ahmad et al. [2010], required for
the subsequent retrieval of chlorophyll concentration and
other properties. Factors including differences in cloud
masks and retrieval resolution mean that a direct comparison
between the SOAR algorithm presented here and SeaWiFS
OBPG algorithm on a pixel-by-pixel basis is not possible. At
a minimum, aggregation to a common grid would be nec-
essary. The OBPG algorithm provides t865, used for atmo-
spheric correction of the visible ocean-color bands. Stringent
tests are applied to exclude those pixels potentially influ-
enced by clouds or high AODs, which could lead to errors in
the retrieved water-leaving radiance, i.e. it is not explicitly
designed to provide an aerosol climatology in the same way
as SOAR or other data sets. For these reasons, the compar-
ison with OBPG SeaWiFS data is performed in a different
way from those presented in the next Section.
[52] Figure 8 shows t865 from 11 March 2006 over the

tropical Atlantic and Indian Ocean. Here, the SOAR retrieval
is shown for cells where QA ≥ 2, and the OPBG algorithm
where none of the default Level 2 processing warning flags
(sun-glint, algorithm failure, cloudiness, and other checks) are
set. This provides an example where pixels with high aerosol
loadings, such as Saharan dust outflow into the tropical

Figure 7. Map of AOD at 550 nm (a) from MAN observations and (b) retrieved by SeaWiFS, with loose
criteria on colocations (up to 3 hours in time, and 100 km in space) and quality flags (any SeaWiFS QA
allowed).

Table 2. Statistics of Comparison Between SeaWiFS and MAN AODs at 550 nm and 870 nm, for Tight and Loose Colocation Criteriaa

Criteria Number of Matches

AOD at 550 nm AOD at 870 nm

R Bias smed p(|�| ≤ EE) R Bias smed p(|�| ≤ EE)

Tight, QA = 3 279 0.89 �0.022 0.031 0.78 0.89 �0.021 0.026 0.67
Tight, QA ≥ 2 411 0.87 �0.017 0.037 0.74 0.85 �0.019 0.029 0.69
Loose 3,426 0.79 �0.0005 0.050 0.63 0.74 �0.008 0.036 0.66

aTight denotes time difference ≤1 hour, distance difference ≤10 km; either QA ≥ 2 or QA = 3. Loose denotes any SeaWiFS QA, time difference ≤3 hours,
distance difference ≤100 km. R is Pearson’s linear correlation coefficient. The bias is the median offset between the data sets, defined such that positive
values indicate SeaWiFS AODs are larger. The scaled median absolute deviation of the difference between the two data sets is denoted smed. Finally,
p is the proportion of retrievals with absolute error |�| smaller than the expected error (EE), 0.03 + 0.15t550 at 550 nm, or 0.03 + 0.1t870 at 870 nm.
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Atlantic Ocean are often masked out or retrieved with lower
AODs by the OBPG algorithm. The SOARQA flags mask out
more data as cloud-contaminated than the OBPG algorithm. In
low-AOD regions, spatial patterns are similar, although the
absolute values frequently differ by 0.02–0.05, particularly
near cloud edges.
[53] Using the database of AERONET matchups (for

SOAR QA ≥ 2, a 30 minute AERONET average, and 25 km
SeaWiFS average), OBPG t865 retrievals have also been
extracted and averaged, using the same averaging distance,
and default checks on processing warning flags in the OBPG
data. This leaves a total of 11,696 colocated data points with
all three data sets present. The median SeaWiFS-AERONET
offset is�0.003 for SOAR and 0.011 for OBPG. The absolute
retrieval differences compared to AERONET are very similar
for the two SeaWiFS data sets. The correlation between the
SOAR and OBPG t865 is 0.73; the mean (and median) relative
SOAR-OBPG bias is �0.013, and the standard deviation
(smed) about this bias 0.044 (0.029). The wind speed-dependent
whitecap fraction used by the OBPG algorithm [Stramska
and Petelski, 2003] is lower by between a factor of 2 and
an order of magnitude than that used in 6S for typical wind
speeds, meaning more of the TOA signal will be attributed to
aerosol in the OBPG data, which will contribute to the dif-
ference between SOAR and OBPG at moderate or high wind
speeds. Of the 49 AERONET sites, the SOAR algorithm has
a smaller absolute bias at 27, and a larger absolute bias at 22.
It is worth noting again that high AODs (e.g. dust at Capo
Verde and Dakar) are missing from this subset of data, as the
OBPG algorithm does not retrieve AOD in these conditions.
[54] The vicarious calibration gains applied to the Sea-

WiFS radiances depend on the OBPG atmospheric correction

algorithm (although were not derived from the AERONET
sites used here), and so include compensating errors when
this atmospheric correction is incorrect [Franz et al., 2007].
As the SOAR algorithm uses these calibration results, these
compensating errors will tend to degrade SOAR perfor-
mance. To test the possible effects of this, the SOAR algo-
rithm was applied to the same set of AERONET matches
without using the vicarious gains; the resulting differences in
retrieval results were of order 0.01 in AOD and 0.1 in ff, and
the overall quality of the comparison with AERONET was
very slightly degraded, i.e. the current vicarious calibration
provides benefit, or at least no harm, to the SOAR algorithm.

4.2. Other Data Sets

[55] Comparison of the SOAR retrievals with those from
other satellite data sets provides insight into the performance
of the retrieval on a global scale. Agreement and patterns of
difference between data sets can be examined in the context
of their own strengths and weaknesses. Each data set samples
at different times and resolutions, and therefore a direct
matchup between any two is difficult or impossible. Sam-
pling and aggregation decisions can influence the results of
such comparisons significantly [Levy et al., 2009; Sayer
et al., 2010b], and so in this study efforts are made to mini-
mize the effects of spatiotemporal mismatch between the data
on the comparison. For this reason, all the comparisons use
daily aggregated data as a basis. The following aerosol data
sets are considered.

1. Multiangle Imaging Spectroradiometer (MISR) AODs
at 558 nm and 865 nm, from the Version 22 algorithm
[Martonchik et al., 1998, 2009; Kahn et al., 2010].

Figure 8. SeaWiFS data over the tropical Atlantic and Indian Oceans (15° S-40° N, 80° W-100° E) from
11 March 2006. Plots show AOD at 865 nm from (a) the SOAR SeaWiFS algorithm, and (b) from the
OBPG algorithm. (c) True-color SeaWiFS composite image. Stripes near the Equator are where the Sea-
WiFS tilt reverses.
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2. Advanced Along-Track Scanning Radiometer
(AATSR) AODs at 550 nm and 870 nm, from the Oxford-
Rutherford Appleton Laboratory (RAL) Aerosols and Clouds
(ORAC) retrieval [Thomas et al., 2009; Sayer et al., 2010a].

3. MODIS AODs at 550 nm and 865 nm, from the most
recent MODIS Science Team Collection 5.1 data set [Remer
et al., 2006, 2008]. The sensors aboard the Terra and Aqua
satellites are considered separately (daytime Equatorial local
solar crossing times approximately 10:30 am and 1:30 pm
respectively, at the center of the swath).

4. The ‘data-assimilation (DA) quality’ MODIS AOD
at 550 nm (hereafter DA MODIS), created by applying
empirical bias corrections and additional cloud screening to
MODIS Collection 5.1 data [Zhang and Reid, 2006; Shi
et al., 2011]. Terra and Aqua are again considered separately.

5. MEdium Resolution Imaging Spectrometer (MERIS)
AODs at 550 nm and 870 nm, processed as part of the Glo-
bAerosol project [Antoine and Morel, 1999; Poulsen et al.,
2009]. Daily composites of successful retrievals on a 10 km
sinusoidal grid have been averaged to a 1° latitude and lon-
gitude grid.
[56] The period 2005–2007 is investigated, aside from

AATSR (2006 and 2008) and DA MODIS (2006 and 2010),
as the complete 2005–2007 period is not available for these

data sets. All are at 1° horizontal resolution, except MISR,
which is at 0.5°. Because the number of points where every
sensor includes data on the same day is near-zero, coloca-
tions are performed between SeaWiFS and each other data
set on an individual basis. To be considered for the com-
parison, grid cells in the daily products are only considered
where both data sets contain at least 10 retrievals. The finer
resolution of MISR means that this is reduced to 3 retrievals,
this threshold being roughly equivalent given the different
grid size.
[57] Scatter density histograms of the resulting matched

data (at 550 nm) are shown in Figure 9, and statistics of these
data are given in Table 3. These provide a general overview
of the level of scatter and any global biases between the data
sets. The scatterplots are very similar for MODIS (Terra and
Aqua, both MODIS Science Team and DA MODIS) and
MISR, all being higher than SeaWiFS for the low-AOD
cases and lower for the highest-AOD cases. The strongest
statistical agreement is with the DA MODIS data sets.
However, it is not straightforward to say that this is solely
due to the bias-correction procedures used to create the DA
MODIS data, as around half of all points are also removed
from the comparison by additional cloud screening in the
DA MODIS product, including those points where both

Figure 9. Scatter density plots between colocated daily averaged SeaWiFS t550 and that from other data
sets: (a) MISR, (b) AATSR, (c) MERIS, (d) MODIS (Terra), (e) MODIS (Aqua), (f) DA MODIS (Terra),
and (g) DA MODIS (Aqua).

Table 3. Statistics of Comparison Between Colocated SeaWiFS Daily Averaged AOD and That From Other Data Setsa

Data Set Number of Grid Cells

t550 t865

R Bias smed R Bias smed

MISR, version 22 2,173,079 0.84 �0.036 0.040 0.83 �0.025 0.031
AATSR, ORAC research 372,754 0.77 0.017 0.039 0.68 0.003 0.026
MODIS (Terra), Collection 5.1 3,118,321 0.80 �0.027 0.044 0.76 �0.028 0.038
MODIS (Aqua), Collection 5.1 3,162,926 0.82 �0.018 0.038 0.78 �0.021 0.033
DA MODIS (Terra) 907,069 0.87 �0.006 0.035 - - -
DA MODIS (Aqua) 944,380 0.90 �0.009 0.032 - - -
MERIS, GlobAerosol 1,182,703 0.55 �0.034 0.054 0.47 �0.026 0.050

aR is Pearson’s linear correlation coefficient between the grid-box average values. The bias is the median bias between the daily average values, defined
such that positive values indicate SeaWiFS AODs are larger. The scaled median absolute deviation of the difference between the two data sets is denoted
smed.
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SeaWiFS and MODIS data are more likely to be prone to
error. MODIS Terra exhibits a median high offset of 0.009
as compared to Aqua at 550 nm for the colocated subset of
points (0.007 at 865 nm). The statistics are otherwise very
similar, which is consistent with the results of Remer et al.

[2008]. The differences between the sensors are largely
removed in the DA MODIS product.
[58] Kahn et al. [2010] report that MISR yields a positive

bias of order 0.025 at 550 nm over oceans as compared to
AERONET. Smirnov et al. [2011] present similar results for
MISR and MAN. If this offset is subtracted from the

Figure 10. (a–d) SeaWiFS seasonal average over-ocean AOD at 550 nm at 1° resolution, from the mean
of daily average AODs in which at least ten retrievals (QA ≥ 2) contributed to the daily average value, for
the period 2005–2007. Also shown are seasonal mean difference between SeaWiFS and other AOD data
sets, constructed from only those days of data where both data sets are well-sampled, as defined in the text:
(e–h) MISR, (i–l) AATSR, (m–p) MODIS (Aqua), (q–t) DA MODIS (Aqua), and (u–x) MERIS. In the
difference plots, grid cells without data are indicated in grey.

SAYER ET AL.: SEAWIFS OCEAN AEROSOL RETRIEVAL D03206D03206

13 of 17



SeaWiFS-MISR bias in Table 3, the statistics become simi-
lar to those with the DA MODIS products, with excellent
agreement overall, and the remaining SeaWiFS low bias is
similar to that identified by comparison of SeaWiFS to
AERONET data (of order �0.01). The same is true of the
MODIS Collection 5.1 data, when high biases for low AODs
of 0.01–0.015 identified by Remer et al. [2008] are removed.
[59] The AATSR data exhibit slightly lower correlation

with SeaWiFS than for MODIS/MISR. A combination of
small orbital overlap and stricter cloud screening in the
AATSR product, which removes some high-AOD events,
results in few high-AOD grid cells in the comparison. The
total number of matched data pairs is also significantly
smaller than for the other sensors. SeaWiFS has a high rel-
ative bias compared to AATSR at 550 nm (the majority of
the data are for low-AOD points) and almost zero bias at 865
nm. SeaWiFS shows a better agreement at 865 nm with
AATSR than with the other data sets considered, although
the correlation is highest with MISR, perhaps due to the
inclusion of more high-AOD events. Validation of this ver-
sion of the AATSR algorithm against AERONET has not to
date been performed globally and was therefore performed
using the same protocol as for the SeaWiFS validation. For
AATSR, Pearson’s correlation coefficient R was 0.90 at
550 nm and 0.89 at 870 nm, and the lines of best fit at
these wavelengths were tAATSR,550 = 1.12tA,550 � 0.01
and tAATSR,870 = 1.1tA,870; the expected errors (again
calculated as for SeaWiFS) were 0.03 + 0.12tA,550 and
0.02 + 0.2tA,870. These results indicate performance com-
parable to SeaWiFS.
[60] MERIS and SeaWiFS share the weakest correlations.

Like SeaWiFS, MERIS was primarily designed as an ocean
color sensor (and the original purpose of the MERIS aerosol
retrieval considered here was for atmospheric correction of
ocean color imagery) and lacks bands in the shortwave and
thermal IR which are useful for cloud-flagging [Antoine and
Morel, 1999]. The causes for the low correlation are
believed twofold: first, there is a subset of points where
SeaWiFS retrieves low AOD (less than 0.2) but MERIS
retrieves a higher value, and second, there are few MERIS
grid cells with t550 ≥ 0.6. The relative high bias of SeaWiFS
for high AODs as compared with other sensors is more
extreme in the comparison with MERIS. This is consistent

with the validation and intercomparison results of Poulsen
et al. [2009].
[61] Figure 10 consists of seasonal composites of 550 nm

SeaWiFS AOD for the 2005–2007 period, as well as maps of
the seasonal mean difference between SeaWiFS and those
sensors using the matched subsets of data in Figure 9. Zonal
averages of these differences are presented in Figure 11. In
both cases, plots for MODIS Terra are omitted as the spatial
patterns match those of MODIS Aqua. The general similar-
ity between the MISR and MODIS data is again evident.
Kahn et al. [2009] compare colocated MISR and MODIS
Terra retrievals extensively and identify a very strong
agreement over ocean. Compared to MODIS and MISR,
offsets between SeaWiFS and the DA MODIS data sets are
closer to zero almost everywhere, although coverage is
sparser and missing at high latitudes. Spatial patterns of
difference are less consistent between the other data sets,
although there are some commonalities, such as SeaWiFS
AOD being persistently lower in the northern Atlantic Ocean
(and to a lesser extent the northern Pacific). The reasons for
this are unclear. Examination of Goddard Chemistry Aerosol
Radiation and Transport (GOCART) model runs [Chin
et al., 2009] reveals the presence of transported Asian dust
throughout the Northern hemisphere in springtime, with
peak dust AODs at 550nm of around 0.05 (plus a similar
AOD from non-dust sources), suggesting aerosol micro-
physical model choices could play a role here.
[62] Some seasonality in AOD differences is evident

around aerosol outflow regions (e.g. African dust and bio-
mass blowing), relating to differences in the strength of the
aerosol events, and their seasonal movement. Some such
events, such as African biomass burning late in the year, are
missing from the composites, as there are few successful
retrievals in one or both of the data sets in these regions.
[63] SeaWiFS retrieves a lower AOD than all other sen-

sors except AATSR in the southern storm tracks. The DA
MODIS data set does not include coverage in this region.
Comparisons with MAN data by Smirnov et al. [2011]
suggest that other data sets are biased high in this region,
which may be due to the high cloudiness and wind speeds.
Figure 7 shows a reasonable agreement between SeaWiFS
and MAN in this region. However, the number of matchups
is low in both cases. This could also explain some of the

Figure 11. Zonal profiles of seasonal mean offset between SeaWiFS AOD at 550 nm and that from other
sensors, defined such that positive values indicate SeaWiFS retrieves higher AOD. Calculated from
Figure 10, for those latitude ranges with at least twenty points contributing to the zonal mean. Seasons
are (a) DJF, (b) MAM, (c) JJA, and (d) SON. The dashed black line indicates zero difference. The MODIS
and DA MODIS data shown are for Aqua only.
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differences in at high northern latitudes, although there are
few MAN cruises in these regions. SeaWiFS and AATSR
are closer in this region. Unlike the other satellite retrievals,
the AATSR retrieval both takes into account wind speed
when estimating surface reflectance, and retrieves surface
albedo rather than prescribing it, although the directional
behavior of surface reflectance is fixed. This means AATSR
AOD retrievals are likely less susceptible than others to
surface-reflectance-related errors in high-wind environments
such as the storm tracks [Sayer et al., 2010a].
[64] The DA MODIS data set removes many points

around the intertropical convergence zone (ITCZ), most
frequently suspected of contamination by thin cirrus. Inter-
estingly, the offsets between SeaWiFS and MODIS/MISR
are often closer to zero in this region than many others.
Pierce et al. [2010] study the potential of MISR for
retrieving cirrus optical depth and report that, particularly in
the tropics, cirrus could not always be distinguished unam-
biguously from a mixture of dust and other aerosols. These
results suggest that any cirrus-related bias in MODIS or
MISR is likely also present in the SeaWiFS retrievals in
these regions. This is not surprising, given SeaWiFS has a
coarser spatial resolution than either and lacks both MODIS’
near-IR (past 865 nm) and thermal IR bands, and MISR’s
multidirectional sampling. In contrast, SeaWiFS and other
sensors are significantly lower than MERIS in this belt,
which suggests that cirrus contamination could be more
severe for MERIS.

5. Conclusions

[65] This study has described and validated an over-ocean
aerosol optical depth retrieval algorithm (SOAR) from Sea-
WiFS data, which has been used in the creation of a new 13-
year data set of spectral AOD. This represents the longest
single-sensor record of total column AOD presently avail-
able from satellite measurements. Comparison with Sun
photometer measurements reveals that the algorithm per-
forms well. The fine mode volume fraction and Ångström
exponent are able to distinguish between fine-dominated and
coarse-dominated aerosol particle distributions for moderate
and high AODs, although caution is required for low aerosol
particle loadings. For general applications, use of only those
retrievals with a quality assurance flag of 2 or 3 is recom-
mended. The quality of the SeaWiFS data is similar to that of
other satellite products, and the SeaWiFS aerosol data are
suitable for quantitative scientific analysis.
[66] The data set has also been colocated and compared

with a variety of other satellite AOD records, and the
majority of the differences are consistent with known results
based on each data set’s validation efforts. This comparison
also revealed a diversity in regional aerosol loading from
different data sets. SOAR AODs are comparable to those
from the existing OBPG SeaWiFS data set in clean condi-
tions, and provide increased coverage in moderate and high
aerosol loadings, such as dust storms.
[67] As mentioned in the Introduction, however, no cur-

rent single-sensor data set can fill the requirements of a
CDR, for reasons such as sampling and the inadequate
information content of the measured radiances [e.g.,
Mishchenko et al., 2007]. Additionally, changes in aerosol
particle loading on timescales of individual sensor lifetimes

are likely to be similar to the uncertainty of a satellite-
derived trend [e.g., Zhang and Reid, 2010; Platnick et al.,
2011].
[68] In an effort to create a long-term multisensor consis-

tent aerosol record, intersensor overlap will be crucial to
assessing and correcting biases. In this regard, SeaWiFS
occupies an important position. The SeaWiFS record coex-
isted with the earlier Advanced Very High Resolution
Radiometer (AVHRR) and Along-Track Scanning Radiom-
eter 2 (ATSR-2) records, and continued through the majority
of the life of more recent Earth Observation systems (e.g.
Terra, the A-Train, and Envisat). The high quality of radio-
metric accuracy through its lifetime makes it a useful bridge
between different sensors.
[69] The SOAR algorithm could also be adapted for

application to similar present or forthcoming sensors such as
AVHRR, MODIS, or the Visible and Infrared Imager
Radiometer Suite (VIIRS). Comparison with other aerosol
data sets from these sensors would help to isolate the effects
of algorithmic assumptions, and sensor-related (e.g. radio-
metric or sampling) differences between sensors on the
derived aerosol property time series, and so help to pave the
way for an eventual long-term CDR of the atmospheric
aerosol particle loading.
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